Genetic structure of Asian wheat (Tritium aestivum L.) was investigated by the analysis of two isozymes, using 648 wheat landraces. Gene diversity over all populations was 0.254, and the trend of an eastward decline was observed. By cluster analysis and principal co-ordinate analysis based on genetic distance among populations, thirty-three populations were classified into six clusters, and it was indicated that Asian wheat could be divided into at least three lineages. The first lineage of wheat consisted of populations from Turkey to Sichuan (China), suggesting the spread of wheat to southwest China through the ancient Myanmar route. Wheat populations introduced to China through this route were mostly of the red-grain type, and it was considered that wheat adapted to humid and rather hot condition in southern slope of Himalaya had been selected and introduced to China. The second lineage comprised of populations from the areas along the so-called "Silk Road". Wheat is commonly cultivated under dry and cold condition in these areas, and was characterized by the frequent distribution of white-grain type. The third lineage contained populations from the coastal area of China and Korea, and genetic relationship with the second lineage was suggested. The result of the present study indicated that Asian wheat is genetically and geographically differentiated, and that different types of genetic resources could be found depending on the growing condition and the lineage of wheat populations.
Introduction
Domestication of wheat can be dated back to 8,000 B.C. in the Levantine Corridor, as indicated by archeological evidence (reviewed by Feldman (2000) ). Wheat cultivation gradually spread to various parts of the world, and reached the eastern part of China by 1,500 B.C. (Feldman 2000) . The long history of natural and artificial selection established landraces, which are very rich in genetic diversity and have been often utilized for wheat breeding as novel genetic resources.
Although, in general, genetic diversity is most abundant in the central area of crop evolution, unique variation can be found in the marginal areas, in the consequence of the interaction with climatic, edaphic and biotic conditions in each region. Good examples can be seen in East Asian wheat germplasm. Semi-dwarf genes have been selected, or maintained in Japan where wheat is harvested in the rainy season, and GA-insensitive alleles Rht-B1b and Rht-D1b from Norin-10, Rht-B1d from Saitama-27, and GA-sensitive genes Rht8 and Rht9 from Akakomugi have been utilized for semidwarf breeding in the world (Worland 1986 ). In addition, Wx-D1b, a Wx-D1-deficient mutant, was found in a Chinese landrace "Bai Huo", which enabled creation of a waxy hexaploid wheat (Nakamura et al. 1995) .
Genetic diversity and genetic structure of Asian wheat have been characterized by the analysis of adaptatively neutral genes. According to Tsunewaki and Nakai (1967) , Tsunewaki (1970) and Tsunewaki et al. (1971) , Asian wheat is different from European wheat by frequent distribution of Ne1 for hybrid necrosis, and the frequency of Ne2 is also different between accessions from northern and southern parts of China and Japan. Zeven (1980) analyzed geographical distribution of the multiple alleles of Ne1 in Chinese and Japanese wheat accessions, and showed that Ne1 m and Ne1 w were frequent in the accessions from the northern and southern parts of both countries, respectively. The frequency of gametocidal inhibitor gene, Igc1, also proved to be different between the accessions from northwestern and southeastern parts of China (Tsujimoto et al. 1998) . Geographical difference of Chinese wheat landraces was also indicated by the analysis of isozyme (Yang et al. 1992a (Yang et al. , 1992b and RFLP (Ward et al. 1998) . These results clearly indicated the complexity of the genetic structure of East Asian wheat populations.
Communicated by Y. Furuta Received August 29, 2004 . Accepted November 8, 2004 In areas from Transcaucasus to Central Asia, climatic condition is mostly desert and steppe and wheat is cultivated under a dry condition, and thus wheat cultivation could spread eastward without severe or diverse selection pressures. On the contrary, the adaptation and spread of wheat to various parts of China is considered to be complicated, because of the geographical barrier by the Tibetan plateau and severe desert areas in west China. Hosono (1954) suggested three possible routes of spread to East Asia, by taking geographical variation of morphological characters of wheat and the ancient traffic and trade routes into consideration: (1) Silk road-from Turkmenistan, through Xinjiang, to Shaanxi, (2) Myanmar route-from Afghanistan, through Pakistan, India and Myanmar, to Yunnan and Sichuan, (3) Tibetan route-from India, through Pamir or Nepal, to Tibet, and then to Shaanxi or Sichuan. Spread of wheat through these routes was partly traced by the analysis of geographical distribution of necrosis genes Ne1 and Ne2 (Zeven 1980) , and that the "Silk road" was suggested as the route of spread by the analysis of Igc1 (Tsujimoto et al. 1998) . However, the number of wheat landraces and the area covered were limited in these studies mainly because of the limited availability of East Asian wheat germplasm.
In the present study, we analyzed the peroxidase and esterase isozymes in 648 wheat landraces collected from various areas from Transcaucasus to Japan, in order to assess the magnitude of genetic diversity and genetic structure of East Asian wheat. The phylogenetic relationship among Asian wheat was also discussed based on the isozyme polymorphism.
Materials and Methods
We analyzed 648 wheat landraces (Triticum aestivum L.) collected from Asian countries covering 33 geographical areas from Turkey to Japan (Table 1 and Fig. 1 ) for isozyme variation by starch gel and polyacrylamide gel electrophoresis. Seeds of these landraces were provided from the Plant Germplasm Institute, Kyoto University (Japan), Kihara Institute for Biological Research, Yokohama City University (Japan), National Institute of Agro-biological Resources (Japan), and N. I. Vavilov Institute of Plant Industry (Russia). A wheat cultivar, Chinese spring, was also included in each gel as a control to compare the migration distance of each band.
Grain color and glume pubescence were recorded for each accession, and the data of their growth habit was taken from Iwaki et al. (2000 Iwaki et al. ( , 2001 .
Starch gel electrophoresis
Starch gel electrophoresis was adopted for the analysis of peroxidase (PER) from embryo and shoot. Embryos were crushed with a power homogenizer by adding 10 µl of extraction buffer (0.1 M Tris-HCl, pH 7.5 and 14 mM mercaptoethanol), and then left one hour at room temperature. For shoot samples, seeds were sown on vermiculite, and grown at 20°C under a dark condition, and then shoots of 10 to 12 day-old seedlings were crushed with a power homogenizer.
The crude extracts were centrifuged at 4500×g for 2 minutes at 4°C, and the supernatant was immediately absorbed by a small piece of filter paper wick. Wicks were inserted into a transverse slice cut of horizontal starch gel. Starch gel consisted of 10% starch hydrolyzed (Wako chemicals) for both extracts of embryo and shoot. The gel buffer was 0.1 M Tris-citric acid (pH 8.2). The electrode buffer was 0.15 M Tris-citric acid (pH 8.0). Electrophoresis was carried out at 4°C at a constant current of 23 mA/gel for 4 hours. After electrophoresis, gels were sliced for activity staining (Vallejos 1983) .
Polyacrylamide gel electrophoresis Polyacrylamide gel electrophoresis was adopted for the analysis of esterase (EST) from embryo and shoot. Crude extracts of embryo and shoot were prepared in a manner similar to that as for starch gel electrophoresis, except that the embryo was crushed by adding 30 µl of extraction buffer, 0.1 M sodium acetate trihydrate and 0.61 M glycerol (pH 8.3).
The separation gel consisted of 7% acrylamide, in which the percentage of N,N′-methylenebisacrylamide was 2.6%. The gel buffer was 0.375 M Tris-HCl (pH 8.9), supplemented with 1.36 µl N,N,N′,N′-tetramethylethyllenediamine (TEMED). The electrode buffer was 0.05 M Tris-glycine (pH 8.5). For each sample, 20 µl of supernatant was loaded into the well. Gels were run at a constant current of 20 mA at 4°C for 3.5 hours. The gels were stained for esterase according to Vallejos (1983) .
Data analysis
Isozyme bands detected were numbered as shown in Figures 2 and 3. Since genetic control of each isozyme band has not been fully analyzed, clear and reproducible bands were tentatively scored in binary form as 1 and 0 for presence and absence, respectively. For statistical analysis, gene diversity (D) was calculated by the following equation (Weir 1996) : D = 1 − (1/n)ΣΣP 2 lu in which P lu is the frequency of the (u) th allele at the (l) th locus and "n" indicates total number of loci studied. Genetic distances between local populations of wheat were calculated after Nei (1972) . A dendrogram was constructed using Phylip programs (http://bioweb.pasteur.fr/seqanal/phylogeny/ phylip-uk.html), based on the genetic distances, by applying the un-weighted pair group method with arithmetic averages (UPGMA) cluster analysis. Principal co-ordinate analysis (PCO; Gower 1966) based on the genetic similarity matrices was performed to show multiple dimensions of the accessions in a scatter-plot.
Results
Although a total of 37 bands were obtained from two enzyme systems, 23 bands were selected as markers based on reproducibility and polymorphism. Table 1 shows the frequency of nine major isozyme bands in each region. Among 12 esterase bands detected in the shoot (ES; Fig. 2a ), seven bands were selected as markers. The most polymorphic band in this system was ES2, and 48.1% of the accessions carried this band. The frequency of ES2 was 44.6% in the populations in the Central region, while it was more than 68.4% in the populations in South Asia, the coastal part of China and Korea ( Fig. 1) . On the contrary, the frequency of ES2 was less than 34.8% in the populations from Central Asia, China (Northwest) and Japan. A polymorphism was found in three of the six esterase bands detected in the embryo (EE; Fig. 2b ). The EE6 band was frequently found in the Central region (82.4%) and South Asia (56.5%), while its frequency was 2.3%, 0% and 3.4% in the populations from Central Asia, East Asia and Far East Asia, respectively. Ten peroxidase bands were observed in the embryo (PE; Fig. 3a) , and all bands were polymorphic. Among them, the interesting distribution patterns were found for PE2, PE4 and PE5. The frequency of PE2 was 2.0% in Central region, while it was more than 23.9% in population of Pakistan (North), Xinjiang and Far East Asia. PE4 band was frequently observed in the populations of South Asia (42.9%) and rather frequent (15.2%-45.0%) in the populations of China (Northwest), Sichuan and Japan, while it was rarely (2.3%) found in the coastal area of China. Geographical variation for PE5 was similar to that for PE4, though the presence/absence of the bands was opposite. Among seven peroxidase bands observed in shoot (PS; Fig. 3b ), two bands with different mobility were observed for PS7, one rare (9.6%) band with higher mobility and another present in populations of China (Northwest).
Gene diversity
Gene diversity (D) over all populations was 0.254 (Table 2) , ranging from 0.075 to 0.244 among populations. A higher diversity was observed in the population in Afghanistan (Center), followed by the populations in Japan (Northeast) and Sichuan (China). On the other hand, the populations of Henan (China), Afghanistan (South) and China (Northeast) showed a relatively low level of diversity, less than 0.112. Gene diversity in most of the populations from the Central Region was more than 0.18, and those populations of Iran and Afghanistan was 0.211 and 0.278, respectively. The trend of an eastward decline of genetic diversity was indicated, though a remarkable difference was observed among Chinese populations, ranging from 0.075 (Henan) to 0.222 (Sichuan).
Genetic distance
Genetic distance was computed for all possible pairs of populations ranging from 0.007 to 0.389 (Table 3 ). The overall average was 0.105. The highest genetic divergence was displayed by the pairs of populations of Afghanistan (Northwest) and Korea (D = 0.389), followed by the pairs of populations of Afghanistan (Northwest) and Henan (China) (D = 0.383). The lowest degree of genetic distance was observed between populations of Xinjiang (China) and Japan (Northeast) (D = 0.007), followed by the pairs of populations of Nepal and Bhutan (D = 0.010). Although the genetic distance was not necessarily correlated with geographical distance, the genetic distance among geographically distant populations was large and those among close populations were small. Figure 4 shows the results of cluster analysis based on the genetic distance between populations. A total of 33 populations were grouped into six clusters. The population in Afghanistan (Northwest) was classified into distinct cluster I. The second cluster comprised most of the populations from the center of wheat evolution, that is, Turkey (Mountain), Iran and Afghanistan (South and East). Most of the populations from South Asia were clustered together into the third cluster, suggesting that Nepalese, Bhutanese and Indian germplasms shared a common gene pool. Although Pakistan is not included, these clusters are rather related with each other and thus a genetic continuity in the areas from Turkey to Sichuan was indicated. The fourth cluster contained most of the populations from Central Asia, northern part of China and Japan. This result indicated a close genetic relationship among the populations of northern part of Asia. The fifth cluster consisted of the populations from the coastal part of China and Korea indicated genetic similarity among the coastal areas and genetic dissimilarity from the western and northern parts of China. Three populations from the northern part of Afghanistan and Pakistan (North) grouped into the sixth cluster were considered to be genetically unique.
UPGMA cluster analysis

Principal co-ordinate analysis (PCO)
Genetic relationship among local landraces of wheat was analyzed further by principal co-ordinate analysis (PCO). Up to 62.4% of the total variation was explained by the first three eigenvectors, which accounted for 30.3%, 18.8% and 13.2%, respectively. PCO separations supported the results obtained with the cluster analysis. The PCO-plot generated with the first two eigenvectors accounted for 49.1% of total variation. It clearly separated six geographical groups recognized by UPGMA cluster analysis (Fig. 5) . Twelve populations of two clusters II and III appeared closely, and seven populations of two clusters IV and V appeared in the left two quadrants of the PCO-plot, in good accordance with the result of UPGMA cluster analysis. On the contrary, a genetic relationship among geographically related populations was visualized better by PCO analysis than by UPGMA cluster analysis. For example, three populations of clusters VI appeared close to the populations of cluster II on the PCO-plot. Furthermore, Sichuan of cluster III and Pakistan (South) of cluster V appeared rather closely to other Chinese populations (cluster IV and V) and populations from Iran to Afghanistan (cluster II), respectively. Geographical relationship among the populations from China and the surrounding areas was clearly visualized on the PCO-plot generated with the first and the third eigenvectors, which accounted for 43.5% of the total variation. As shown in Fig. 6 , the population of Sichuan appeared between two geographical groups, a) populations from Bhutan to Pakistan (South) and b) populations from the coastal part of China. Japanese populations appeared close to the latter populations. The populations from south Russia were concentrated 
Discussion
Thirty-three populations of Asian wheat landraces were clustered into six groups by UPGMA analysis, and each group was comprised of geographically related populations with a few exceptions (Fig. 4) . Although the uniqueness of the population of Afghanistan (Northwest) was revealed by cluster analysis, it should be noted that six accessions examined were collected from three fields near Maimana. More accessions collected from other fields should be analyzed to evaluate the genetic structure of this population. Three populations classified into cluster VI were collected from areas with high altitude, 2,000-3,000 m in Afghanistan (Center), 1,000-2,500 m in Afghanistan (Northeast) and 1,700-3,100 m in Pakistan (North). Spring-type wheat accounted for more than 74% in these areas, and most of them carried Vrn-A1 which give wheat insensitiveness to vernalization (Iwaki et al. 2001) . Therefore, they seemed to be cultivated as spring wheat. Wheat is mostly cultivated as a winter crop in other parts of these countries. Thus those spring wheat populations might be regarded as unique. The relationship among six groups clustered by UPGMA analysis was also confirmed by PCO analysis. The relationship among populations was visualized on a two-dimensional plot (Fig. 5 and  Fig. 6 ). Asian wheat was shown to be genetically and geographically differentiated, and populations with different lineages were established as local populations in respective areas.
According to Figures 4 and 5, Asian wheat can be divided into at least three groups or lineage. The first lineage comprised of wheat populations classified into clusters II (Table 1 ) and the cluster No. (Fig. 4) as follows; ; I, ; II, ; III, ; IV, ; V, ; VI). Fig. 6 . Principal co-ordinate analysis of 33 populations of Asian wheat landraces. Genetic relationship was visualized on PCOplot generated with the 1st and the 3rd eigenvectors. Thirtythree populations are indicated by population No. (Table 1) and the cluster No. (Fig. 4) as follows; ; I, ; II, ; III, ; IV, ; V, ; VI).
and III, and adapted to the areas from Turkey to Sichuan. As clearly shown in Figure 5 , these populations appeared close with each other also on the PCO-plot. In addition, populations of Pakistan (South) of cluster V appeared close to India of cluster III. Furthermore, four populations classified into rather distinct clusters I and VI appeared in the right of PCOplot, as well as the populations of clusters II and III. The frequency of EE6 band is higher than 52% in populations of cluster I and VI, which is equivalent to those of clusters II and III (Table 1) . Genetic similarity among unique types of wheat from Tibet, Yunnan and Sichuan was also confirmed by RFLP analysis by Ward et al. (1998) . Genetic continuity in the areas from Turkey to Sichuan was confirmed by these results, indicating the spread of wheat through these areas, corresponded to the second route indicated by Hosono (1954) ; Afghanistan-Khybar pass-cross the Punjab plainskirting Himalaya-upper Myanmar-crossing YunnanSichuan-the Yangtze Valley. We should mention that this route also corresponded to the route of Ne 1 w carrier of wheat (Zeven 1980) . However, the environmental condition is diversified in these areas, such as Mediterranean climate, Steppe and Continental (warm summer) climate in the western part and Humid subtropical in the eastern part. Therefore, we consider that different types of wheat have been selected as a result of natural and artificial selection and bottle neck effect in each area. Such a genetic difference was observed in the frequency of a single isozyme band, higher frequency of PE4 band and lower frequency of PE5 and EE3 bands in the populations of cluster III (Table 1) . Iwaki et al. (2001) analyzed the genes for vernalization response, which is one of the key character for the adaptation to a cold winter, and revealed that landraces with a different Vrn-genotype adapted to each area mainly depending on the temperature in winter; Vrn-D1 type in southern areas of both Afghanistan and Pakistan and in Nepal, Bhutan and Sichuan, while Vrn-A1 type in northern Afghanistan and Pakistan and in India. Hosono (1935) speculated wheat accessions introduced to China through Myanmar route were characterized by red grain color. Predominance of red-grain type was also confirmed in our materials, being more than 93% in areas from Nepal to Sichuan, while the frequency was 45.0% (12.5%-80.0%) in areas from Iran to India (Table 4) . Such a drastic change in the frequency of redgrain type is ascribable to their superior tolerance to premature sprouting (Himi et al. 2002) , since wheat is generally harvested at the beginning of the monsoon rain season in areas from Nepal to Sichuan. A similar difference was observed in the frequency of landraces with hairy glume. In our materials, hairy type accessions were not found among the wheat landraces from Sichuan as also reported by Hosono (1935) , while it accounted for 29.0% (6.7%-66.7%) of wheat landraces in other areas along this route (Table 4) . Even T. sphaerococcum had evolved in northwestern parts of the Indian subcontinent on the eastward spread of wheat (Kulshrestha 1985) . This indicated that wheat adapted to a humid and rather hot condition had been selected and introduced to China by skirting the southern slope of Himalaya and/or through Tibetan route across Himalayas though phenotypic dissimilarity mainly due to natural and artificial selections and bottle neck effect was also observed. The Tibetan route was proposed by Nakao (1957) , and was considered to correspond to the third route of wheat spread (Hosono 1954) .
The second lineage of Asian wheat comprised of populations of cluster IV, and adapted to the areas from the southern part of Russia, northern part of China, and Japan. These populations appeared in the lower left quadrant on PCO-plot generated with the first and the third eigenvectors (Fig. 6 ). They were characterized by low frequency of ES2 band (17.5%) and EE6 band (1.8%) as shown in Table 1 and Figure 1 . These areas are connected by the so-called "Silk Road", which corresponds to the first route of wheat spread (Hosono 1954) and to the route of Ne 1 m carrier of wheat (Zeven 1980) . Climatic condition in these areas, except for Japan, is mostly desert and steppe, and wheat is cultivated under dry conditions with annual precipitation ranging from 120 mm to 636 mm (Table 4) . Therefore, selection pressure against white-grain type would not work, and white-grain type accounted for 20.8% of our materials from Xinjiang and 36.4% from Gansu & Ningxia even in China (Table 4) . It is severely cold in winter, and thus highly spring-type wheat, which carries Vrn-A1, and winter-type wheat with cold tolerance are cultivated as spring wheat and winter wheat, respectively (Iwaki et al. 2000) . Either of these two distinct types is cultivated in respective areas because of micro-geographical variation in climatic condition, as stated by Iwaki et al. (2000) . Zeven (1980) introduced the statement about early wheat cultivation in North China by Ho (1969) ; "up to ca. 500 BC bread wheat had not made much progress in North China due to its poor adaptability to spring droughts ... Spring wheat had been introduced from Central Asia during the Former Han Empire." Therefore the spread of wheat through this route was not simple. Wheat firstly introduced to West China ca. 2400 B.C. (Liu 1927) seemed to be of the winter type and later spring type wheat was introduced.
The third lineage of Asian wheat was comprised of populations of cluster V, and adapted to the coastal areas of China and Korea. These populations were regarded as a subcluster related with those of cluster IV (Fig. 4) , and thus could be included in the second lineage. However, they appeared in the left upper quadrant on the PCO-plot generated with the first and the third eigenvectors, close to the populations of the first lineage (cluster III) as well (Fig. 6) . The frequency of the ES2 band was higher than 68.4% and indicated the relationship with populations of cluster III rather than those of cluster IV, while very low frequency of EE6 band indicated close relationship with those of cluster IV (Table 1) . Furthermore, according to Tsujimoto et al. (1998) , the frequency of gametocidal inhibitor gene (Igc1) was clearly different among areas even in China. It was frequent in East China, Sichuan and even in Japan, while it was sporadic in China (Northeast), Xinjiang, Tibet, Inner Mongolia and westwards. Since Igc1 is adaptatively neutral, their result clearly indicated a genetic differentiation between the two areas in China. Therefore, wheat populations of cluster V were considered as the third lineage of Asian wheat. The present study showed that, only in China, three lineages of wheat populations were found depending on their geographical origin, indicating that wheat landraces should be collected from various parts of China to cover a wide range of genetic diversity.
China is diversified in topographical features and climate, ranging from 150 m below sea level to 4,000 m above sea level, from −5.8°C to 26.4°C in average annual temperature, and 4mm to 6,558 mm in average annual precipitation (Li et al. 1998 ). Reflecting such diversity, different types of wheat are cultivated in each area as summarized by Sun et al. (2000) . The northern and western parts of China are dry with an annual precipitation of less than 500 mm and severely cold in winter, both winter-type and spring-type wheat carrying Vrn-A1 being cultivated as mentioned above. On the contrary, in the humid and warmer coastal part of China, both winter-type and spring-type wheat accessions carrying Vrn-D1 are cultivated as a winter crop. Therefore different types of spring wheat have been cultivated in these two areas, while winter-type wheat is cultivated commonly in both areas. Selection pressure under a humid condition was suggested by the difference in the frequency of white-grain type. White-grain type accounted for 22.3% of the populations in Hebei, Shandong and Henan in coastal China, where the annual precipitation ranged from 530 mm to 620 mm, while it was rarely found in Jiangsu and Zhejiang in south coastal China, where the annual precipitation ranged from 970 mm to 1,480 mm (Table 4) . Hosono (1935) also reported a similar geographical cline in the frequency of white-grain type, being 52.8% in the former three provinces and 22.2% in the latter two provinces. These facts clearly indicated the strong contribution of the second lineage of wheat to the establishment of the third lineage of wheat in East China, as also indicated by Tsujimoto et al. (1998) . On the contrary, the third lineage of Asian wheat was related with the populations from Sichuan of the first lineage, indicating their contribution to the establishment of the third lineage of wheat. In fact, the geographical difference in the frequency of ES2 band indicated a genetic relationship between the South Asian populations and those of cluster V (Table 1 and Fig. 1 ). The geographical distribution of Kr genes, genes for crossability with rye, showed that the kr1 kr2 genotype was frequently distributed in the coastal part of China and Sichuan, but not in Xinjiang, Gansu or Ningxia (Koba and Matsui 1999) . However, the relationship between the first and the third lineages of wheat has not been analyzed in detail, because of the limited availability of wheat landraces from the southwestern part of China. Therefore, further studies including wheat accessions from Tibet and so on, is required to clarify the contribution of South Asian wheat.
